Gademan MG, van Bommel RJ, Ypenburg C, Haest JC, Schalij MJ, van der Wall EE, Bax JJ, Swenne CA. Biventricular pacing in chronic heart failure acutely facilitates the arterial baroreflex. Am J Physiol Heart Circ Physiol 295: H755-H760, 2008. First published June 13, 2008 doi:10.1152/ajpheart.00170.2008.-Metabolic and mechanical stress in the failing heart activates the cardiac sympathetic afferent reflex (CSAR). It has been demonstrated that cardiac resynchronization therapy (CRT) acutely reduces MSNA in clinical responders. Mechanistically, this beneficial effect might be explained by acute deactivation of the CSAR. In addition to sympathoexcitation, CSAR inhibits the arterial baroreflex at the level of the nucleus tractus solitarii. Hence, in responders, CRT is likely to remove/reduce this inhibition. Therefore, we hypothesized that CRT acutely facilitates the arterial baroreflex. One day after implantation of a CRT device in 32 patients with chronic heart failure (LVEF; 27 Ϯ 6%), we measured noninvasive baroreflex sensitivity (BRS) and heart rate variability (HRV) in two conditions: CRT device switched on and switched off (on/off order randomized). BRS changes were correlated with the difference in unpaced/paced LVEF, a measure of acute mechanical response to CRT. CRT increased BRS by 35% from 2.96 to 3.79 ms/mmHg (P Ͻ 0.02) and increased HRV (standard deviation of the intervals between normal beats) from 18.5 to 24.0 ms (P Ͻ 0.01). The CRT-induced relative change in BRS correlated with the change in LVEF (r ϭ 0.44; P Ͻ 0.01). In conclusion, CRT acutely increases BRS and HRV. This favorable response of the autonomic nervous system might be caused by CRT-induced CSAR deactivation. Follow-up studies should verify the mechanism of the acute response and the possible predictive value of an acute positive BRS response. baroreflex sensitivity; heart rate variability; cardiac resynchronization therapy; cardiac sympathetic afferent reflex CHRONIC HEART FAILURE (CHF) is characterized by permanent neurohumoral activation, i.e., elevated sympathetic tone, depressed parasympathetic tone, and activation of the reninangiotensin-aldosteron system. This neurohumoral activation is accompanied by an increased peripheral chemoreflex and a decreased arterial baroreflex. Baroreflex sensitivity (BRS) has independent prognostic value in CHF (20).
CSAR is not only enhanced because of an increase in discharge intensity at the receptor level, but also because of an increase in central reflex gain (18, 38) .
Cardiac resynchronization therapy (CRT), a relatively new therapy in CHF, is known to acutely decrease left ventricular (LV) dyssynchrony, to lower LV filling pressure, and to increase myocardial efficiency (32, 37) . Besides these acute effects on cardiac functioning, CRT also induces acute effects in autonomic functioning. Najem et al. (21) showed that muscle sympathetic nerve activity (MSNA) acutely increased in responders of CRT when biventricular pacing was switched off. A plausible and clinically relevant explanation for this observation would be that CRT reduces metabolic and mechanical stress in affected ventricular muscle, thus reversing CSAR activation and sympathetic outflow. However, direct proof of this CRT working mechanism is difficult to obtain, as CSAR afferent activity cannot be measured in humans. Since CSAR afferent firing is known to decrease arterial BRS (13, 38) , CRT-induced CSAR deactivation should be accompanied by a BRS increase. Therefore, we hypothesized that biventricular pacing acutely facilitates the arterial baroreflex.
Although a CRT-induced BRS increase is not sufficient to prove that CRT deactivates CSAR, it is a necessary condition. Hence, in addition to a possible improved prognosis, the significance of finding a CRT-induced BRS increase is that it comports suggestive evidence for CSAR deactivation as one possible working mechanism of CRT, underlining the need for further experimental verification.
METHODS

Patients. The protocol was approved by the local Medical Ethics
Committee. Thirty-two consecutive CHF patients eligible for CRT implantation were included in this study. Patients with atrial fibrillation, atrioventricular conduction defects, or frequent supraventricular or ventricular ectopy were not included, as noninvasive BRS measurement requires sinus rhythm.
Protocol. Baseline echocardiography was performed on the day of implantation preceding the implantation procedure. One day after implantation of a CRT device, echocardiography was repeated, and a BRS and heart rate variability (HRV) evaluation was performed. BRS and HRV were measured in each patient in two conditions: CRT device switched on and switched off (on/off order randomized). After the first BRS and HRV evaluation, CRT modality was changed conform the randomization protocol. After this change in CRT modality, 10 min of rest followed before the second BRS and HRV evaluation.
Instrumentation. During baroreflex and HRV evaluation the patients, were in the supine position. To prevent respiratory discomfort, the upper part of the bed was inclined in accordance with the individual's sleeping habits. The fingercuff of a continuous noninvasive arterial blood pressure measurement device (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands) was attached around the second phalanx of the left middle finger. The armcuff of an automatic sphygmometer (Accutorr 3, Datascope, Montvale, NJ) was attached around the right upper arm. A standard 12-lead ECG was derived. Two electrodes were applied to the lateral sides of the lower part of the thorax to monitor respiration (impedance method). Blood pressure, respiration, and ECG were recorded with an ST Surveyor monitoring system [Mortara Rangoni Europe, Casalecchio di Reno (BO), Italy] with a 500-Hz sampling rate.
Measurements. First, blood pressure and heart rate (Accutorr, average of 5 subsequent readings) were measured after a 15-min resting period. These measurements were used to establish a reliable systolic blood pressure (SBP) measurement with the noninvasive arterial blood pressure measurement device. Then, after the patient had been lying for 30 min, the ECG, the noninvasive continuous arterial blood pressure signal, and the respiration signal were recorded for 10 min for later BRS and HRV calculation. During this period, patients performed 0.25-Hz metronome respiration [preventing the direct mechanical component of respiration and the respiratory gating effect to enter the low-frequency band (0.04 -0.15 Hz), in which we compute BRS; Ref. 12] . After switching the CRT device on or off and an additional 10 min of rest, this measurement was repeated.
BRS and HRV calculation. To characterize arterial baroreflex function, we computed BRS, the reflex-induced increase/decrease of the interval between heart beats, in milliseconds per unit rise/fall of SBP. First, the arrhythmia free and stationary periods longer than 60 s in the metronome respiration episode were selected (stationary sinus rhythm and blood pressure are prerequisites for a reliable BRS value). Compliance to the metronome respiration protocol was visually verified in the respiration signal. Then, BRS was computed in each of the selected episodes. The BRS algorithm computes the magnitude of the transfer function between the SBP variability (baroreflex input) and the interbeat interval (IBI) variability (output), averaged over the 0.04-to 0.l5-Hz band. Additionally, it calculates 95% two-sided BRS confidence intervals (33) . Finally, the overall BRS was composed from all data segments by the best linear unbiased estimator (BLUE) method (36) . Mean SBP and mean IBI were computed from the selected episodes. HRV was expressed as the standard deviation of the intervals between normal beats (SDNN).
Echocardiography. Echocardiographic images were obtained in the left lateral decubitus position using a commercially available system (Vivid 7; General Electric-Vingmed, Milwaukee, WI). A minimum of 2 consecutive heart beats was recorded from each view, and the images were digitally stored for off-line analysis (Echopac, General Electric-Vingmed). LV end-systolic (LVESV) and end-diastolic (LVEDV) volumes and LV ejection fraction (LVEF) were calculated from the apical 2-and 4-chamber images using the modified biplane Simpson's rule (30) .
LV dyssynchrony was assessed by tissue Doppler imaging on the apical 2-and 4-chamber view and calculated as the maximum time delay between the peak systolic velocities of 4 opposing basal walls (3).
The sample volume was placed between the tips of the mitral leaflets to assess Doppler pulsed-wave mitral inflow. The mitral inflow peak early velocity (E) to mitral annular peak early velocity (EЈ) (E/EЈ ratio) was assessed by dividing E by EЈ at the basal septal segment (22) .
Statistics. Results are presented as means Ϯ SD. A paired Student's t-test was used to evaluate the changes in BRS, HRV, LV dyssynchrony, LVEF, LVEDV, LVESV, E/EЈ ratio, SBP, and IBI between the different CRT modes. Linear regression analyses was performed to evaluate the relationship between CRT-associated LVEF change and BRS change.
RESULTS
Study group. Baseline characteristics of the study group are listed in Table 1 . A total of 32 patients were included. All CRT devices were successfully implanted [Contak Renewal (n ϭ 16), Guidant; InSync Sentry (n ϭ 14), Medtronic; Concerto (n ϭ 1), Medtronic; Lumax (n ϭ 1), Biotronik]. The atrioventricular delay (AV-delay) was optimized by two-dimensional echocardiography so that it provided the longest filling time for completion of the end-diastolic filling flow before LV contraction; AV-delay was set at 120 Ϯ 10 ms. No adjustments were made to the interventricular pacing delay (V-V interval, set at 0 ms).
BRS, HRV, SBP, and IBI. BRS was significantly larger with biventricular pacing than without: 3.79 Ϯ 4.04 ms/mmHg and 2.96 Ϯ 3.19 ms/mmHg, respectively (average individual change 35%; P Ͻ 0.05). SDNN was also larger with biventricular pacing than without: 24.0 Ϯ 14.3 ms and 18.5 Ϯ 9.5 ms, respectively (average individual change 32%; P Ͻ 0.05). SBP and IBI did not change significantly (Table 2) .
LV dyssynchrony, LVEF, LVEDV, LVESV and E/EЈ ratio. In one person, it was not possible to asses LVEF due to poor quality of the acoustic window. With biventricular pacing, LV dyssynchrony, LVEDV, LVESV, and E/EЈ ratio decreased from 62 Ϯ 43 ms to 35 Ϯ 38 ms (P Ͻ 0.001), from 227 Ϯ 79 ml to 216 Ϯ 77 ml (P Ͻ 0.001), from 168 Ϯ 63 ml to 150 Ϯ 63 ml (P Ͻ 0.001), and from 19.0 Ϯ 9.3 to 15.6 Ϯ 8.1 (P Ͻ 0.005), respectively. LVEF increased from 27% Ϯ 6% to 32% Ϯ 7% (P Ͻ 0.001; Table 2 ).
Correlations between changes in BRS and in LVEF. The relative change in BRS correlated with the relative change in LVEF (r ϭ 0.44; P Ͻ 0.01; Fig. 1) .
Ischemic vs. nonischemic etiology. There were 15 patients with nonischemic etiology and 17 patients with ischemic etiology. In both groups, BRS tended to be larger with biventricular pacing than without: in the nonischemic group, BRS increased by 37% from 3.15 Ϯ 4.5 ms/mmHg to 4.10 Ϯ 5.5 ms/mmHg (P ϭ 0.08), and, in the ischemic group, BRS increased by 33% from 2.79 Ϯ 1.4 ms/mmHg to 3.51 Ϯ 2.37.1 ms/mmHg (P ϭ 0.10). No significant difference in increase in BRS was found between the two groups (P ϭ 0.85). NYHA, New York Heart Association; LVEF, left ventricular (LV) ejection fraction; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; ACE, angiotensin-converting enzyme; AII, angiotensin II.
DISCUSSION
Our data demonstrate that CRT acutely increases BRS and HRV irrespective of etiology; the relative change in BRS correlates with the change in LVEF.
LV dyssynchrony is associated with a decline in systolic performance, an increase in end-systolic volume and wall stress, a delayed relaxation, and a decline in myocardial efficiency (14, 26) . LV dyssynchrony is probably one of the factors causing CSAR activation, as CSAR is activated under influence of metabolic and mechanical stress in the failing heart (38) . Optimization of the mechanical activation pattern of the left ventricle is the primary working mechanism of CRT (17) . CRT induces early excitation of the region, which is otherwise late activated due to delayed intrinsic conduction. In concordance with other studies (8), we found that CRT acutely decreased LV dyssynchrony as well LV filling pressures, expressed as E/EЈ ratio ( Table 2 ). Previous studies have also shown that CRT acutely lowers LV filling pressures (37) and enhances myocardial efficiency (32) . Moreover, Nelson et al. (23) found that CRT enhanced systolic function with modestly diminished energy cost, which is probably explained by lowering of lateral wall stress. Hence, resynchronization might well reduce CSAR activation.
A schematic representation of the CSAR pathway is outlined in Fig. 2 . CSAR afferents project on the rostroventral lateral medulla (RVLM) and on the nucleus tractus solitarii (NTS). CSAR afferents activate sympathetic efferents at the level of the RVLM. At the level of the NTS, CSAR afferents activate interneurons (28, 39) . These interneurons release the neuromodulator GABA that inhibits the barosensitive NTS neurons (39) . Thus a decrease in CSAR afferent firing will lead to a stronger baroreflex. Several studies in normal animals and in animals with heart failure have shown that electrical or mechanical stimulation of CSAR decreases BRS (13, 38) . We found that BRS was larger with the CRT device switched on. Logically, the CRT-induced increase in BRS as well as less excitation of the sympathetic efferents in the RVLM will contribute to a decreased sympathetic outflow, which was found by Najem et al. (21) , who showed that stopping of CRT instantly increased MSNA.
Other factors than a decrease in CSAR afferent firing might also explain the improvement of BRS with biventricular pacing. In addition to cardiac sympathetic afferents, the NTS also receives projections of cardiac vagal afferents (5). In heart failure, vagal mechanoreceptors are desensitized, possibly caused by continuous stretching of the receptors due to a sustained increase in left ventricular end-diastolic pressure (LVEDP) (7) . Like others (37), we found that CRT acutely decreased LVEDP (expressed as E/EЈ ratio; see Table 2 ). Hence, in addition to reducing CSAR afferent firing, CRT may positively influence vagal afferent mechanoreceptor functioning by decreasing LVEDP. It is known that, at the NTS, cardiac vagal afferents interact occlusively with cardiac sympathetic afferents (34) . Hence, a weakened input at the NTS due to the CRT-mediated decrease in sympathetic afferent firing may have been further weakened by simultaneously occurring increased vagal afferent firing. It is difficult to draw conclusions about the likeliness of such an extra contribution to a BRS increase by CRT-induced changes in vagal afferent activity. Paradoxically, in healthy animals, stimulation of cardiac vagal mechanoreceptors results in an attenuated BRS (40) , and no research has been conducted to establish the effect of CSAR afferent stimulation on BRS in CHF.
CRT also acutely increases the maximal rate of LV pressure change (dP/dt max ) (2) . An increase in dP/dt max may cause more intense firing of the arterial baroreceptors, which could increase BRS (10) . However, Eckberg (10) showed that variations of dP/dt max within 550 -3,300 mmHg/s did not influence BRS. As CHF patients have dP/dt max values within this range (31) , it is unlikely that the CRT-induced increase in dP/dt max will have influenced BRS.
Changes in SBP might also explain BRS improvement due to biventricular pacing since a change in SBP influences the logistic curve of the BRS (15). Blanc et al. (6) showed with an invasive arterial blood pressure measurement at the level of the heart that CRT may acutely increase blood pressure. We, however, did not find such an increase in SBP with CRT. This discrepancy might be caused by the different SBP measurement methods, since we did not measure SBP invasively but rather using a noninvasive device that measures arterial blood pressure more distally (at the finger). Whatever the cause of the difference in the observations by Blanc et al. (6) or the current study, our data do not support a possible influence of SBP on the logistic function curve of the BRS (15) . This leaves us with the plausible explanation of the observed CRT-induced BRS increase, i.e., facilitation of the baroreflex due to CRT-induced CRT, cardiac resynchronization therapy; BRS, baroreflex sensitivity; SDNN, SD of the intervals between normal heart beats; SBP, systolic blood pressure; IBI, interbeat interval. CSAR deactivation. However, as recording of CSAR afferent activity is currently not possible in humans in vivo, new animal studies are needed to determine whether the CRT-induced BRS increase is indeed caused by CSAR deactivation.
Seminal to our study was the publication by Sarzi et al. (29) , who described in a case report that BRS normalized after 3 mo of CRT. This finding is of high importance, and therefore we tested this hypothesis on group level. Obviously, this case report could also not separate between the direct and indirect effect of CRT, i.e., the direct effect of CRT in terms of a pacing-related reduction in CSAR afferent nerve traffic, as described above, or the indirect effect of a BRS increase that might be due to on the long term remodeling and associated increase in dP/dt max (31) and to the training effect of enhanced physical activity (27) that is to be expected in a patient in whom cardiac function is improved. In our current study, we noted that CRT acutely increased BRS; this proves the existence of a direct effect of CRT 1 day after implantation. It is, however, not known whether this acute increase in BRS will be followed by a further gradual increase over time and what could be the possible mechanism underlying such a further gradual increase. These issues demand clarification as lowered BRS in CHF parallels deterioration of clinical and hemodynamic status and is significantly associated with poor survival (20) .
Also, HRV has a strong prognostic value in CHF (24) . We used SDNN as a measure of HRV because SDNN is one of the most commonly computed HRV parameters. Furthermore, SDNN has the advantage that it is not sensitive to algorithmic variants as seen in spectral HRV analysis (33a), and it can also be determined in short recordings like the standard diagnostic 12-lead ECG (9) . Several studies have already shown that CRT increases HRV (1, 11) , but, to our knowledge, this is the first study to show that HRV increases acutely after initiation of biventricular pacing. The average individual increase in HRV (35%) was in line with the increase in BRS (32%). This is according to expectation: an increase in BRS will result in an increase in HRV because a greater part of HRV is caused by baroreflex-mediated vagal and sympathetic transmission of blood pressure variability to the sinus node (35) .
When placed in a wider time perspective, the on-off experiments in our study could have been done earlier (immediately after CRT implantation) or later (e.g., 3 or 6 mo after CRT implantation). The earlier these measurements, the purer the on-off BRS difference reflects the acute effect of CRT institution. When measured later, the on-off BRS difference gives an impression of the acute effect of CRT withdrawal rather than of CRT institution, as therapeutic effects like inverse remodeling might have occurred. Therefore, we have chosen the earliest evaluation moment possible; earlier than 1 day after implantation would have confounded the measurements with the implantation procedure-related effects of stress and anesthetics on BRS.
Our protocol was designed to study differences in BRS and thereby to probe the mechanism by which CRT might exert its beneficial influence. We interpret an acute BRS increase with CRT as suggestive evidence for inactivation of CSAR by CRT. Basically, the magnitude of the BRS response is less important here as long as the BRS increase with CRT remains demonstrable. Theoretically, we could have measured a larger contrast between the CRT-on and CRT-off BRS if we had chosen longer periods during which CRT was on or off. In the current protocol, this period was 10 min. By inclusion of a BRS measurement before implantation of the CRT device, we could have verified whether BRS, after switching of the pacemaker, returned to preimplantation values. This and related questions address another interesting research topic, namely what influence CRT has on BRS in terms of a prognostic factor (16) and whether the acute effect, as we measured it, has predictive value for the long-term effect. This issue was not addressed by our protocol, however.
BRS changes correlated significantly, but weakly (r ϭ 0.44), with the changes in LVEF, which we used as a measure of acute mechanical response to CRT. As the acute change in BRS correlated with acute mechanical response to CRT, we would also expect a correlation between acute BRS and late mechanical response. Long-term follow-up studies are needed to verify whether acute BRS increase facilitated by CRT predicts clinical outcome.
CRT acutely facilitates the baroreflex. Further studies should verify whether this positive effect is caused by CRT-induced CSAR deactivation. Also, the predictive value of an acute CRT-induced BRS increase for a further BRS increase with time (29) and for a positive clinical response to CRT should be investigated.
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